In previous work with the method of multiple indicator dilution (MID), we have established that a spatially distributed model of transcapillary exchange proposed by Goresky, Ziegler, and Bach (GZB) accurately describes, at the in vivo whole-organ level, the handling of extracellular indicators in the canine renal cortex. To date, however, it has not been possible to assess the key hypothesis that GZB corresponds to the actual local mechanism of exchange in vivo and is not just a compact summary of the kidney's average whole-organ behavior. By adapting the MID method to high speed computed tomography (CT), we are now able to report that the GZB mechanism is an accurate description of renal cortical transcapillary exchange down to volumes of cortical tissue comprising no more than a few per cent of the total cortical mass, i.e., containing no more than a few thousand nephrons. A small bolus of iohexol (radiopaque extracellular indicator) or iodipamide ethyl ester microparticles (radiopaque plasma indicator) injected into the renal artery was followed by CT as it passed through the kidney and into the renal vein. Time-attenuation value curves of the two contrast media obtained from the renal vein and from regions of interest in the cortex were then modeled with the GZB mechanism and with a more complex formulation that includes GZB as a limiting case. When applied to the data, the models converged to GZB as the best fit for each region examined. The GZB mechanism is found to provide excellent agreement with the regional data.
T o date, micropuncture of single nephrons, wholeorgan indicator dilution, and tomographic imaging have proven invaluable in characterizing the intact nephron-vascular relation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Micropuncture, however, is not designed to monitor events distributed across multiple nephrons. Whole-organ indicator dilution detects such events but averages them over the entire kidney rather than supplying regional information. Tomographic imaging of the indicator dilution process is well suited to regional studies of kidney function8 but has thus far been applied with single indicators to estimate regional blood flow and glomerular filtration rate. [18] [19] [20] [21] [22] [23] [24] [25] Multiple indicator dilution (MID) is a method designed originally for whole-organ studies of vascular exchange. 2, 26, 27 To our knowledge, it has not previously been applied to regional functional analysis. MID presents two or more tracers to a target organ, usually by means of a sharp bolus input to the organ's arterial inflow. Each tracer type is selected to follow a specific pathway of distribution along the organ's transport, biosynthetic, and signaling pathways.2826 In wholeorgan MID studies of the kidney, radiolabeled albumin has been used as a marker that remains in the bloodstream (plasma marker) and radiolabeled L-glucose as a freely filtered extracellular (interstitial) marker. 8 Since the first step in the linkage between microcirculatory activity and cell biology is the movement of substrates across capillary walls, renal transcapillary exchange in vivo has been given considerable attention via the MID approach. In previous work we have established that a spatially distributed model of transcapillary exchange proposed by Goresky, Ziegler, and Bach28 (GZB) provides an accurate account, at the whole-organ level, of the handling of extracellular indicators in the canine renal cortex. 8, 29, 30 Because the GZB model is both conceptually and mathematically concise, its applicability to renal microvascular exchange in vivo is an important finding. To date, however, it has not been possible to assess the hypothesis that the GZB model is the appropriate description of the actual local in vivo exchange dynamics and not just a compact summary of the kidney's average whole-organ behavior.
In this report we present evidence that the GZB mechanism provides an accurate description of renal cortical transcapillary exchange down to volumes of cortical tissue comprising no more than a few per cent of the total cortical mass, i.e., containing no more than a few hundred to a few thousand nephrons.
Materials and Methods In Vivo Whole-Organ Studies
To compare the renal vein and urine recovery properties of the radiological indicators with those of albumin and L-glucose, we first carried out the in vivo whole-organ MID procedure, following the protocol previously described. 8, 30 Previous studies have established that tracer albumin is a valid marker of the plasma space in the single-pass MID procedure in the kidney.8'30 L-Glucose has been shown to undergo glomerular filtration in a manner identical to creatinine during single-pass MID; it is freely filtered across the glomerular barrier, with a filtration fraction equal to that of water. It is neither secreted nor reabsorbed by the renal tubule during the procedure8 and therefore acts as an interstitial marker.
Following institutionally approved protocols, fasting male mongrel dogs (n=6) weighing 18-25 kg were anesthetized with intravenous pentobarbital sodium (30 mg/kg, Abbott, Montreal) and maintained with intravenous pentobarbital sodium, 30 mg every 30 minutes. The dogs were intubated and continuously ventilated with a Harvard respirator; muscle relaxation was maintained with intravenous Anectine (Burroughs-Wellcome, LaSalle, Canada). A steady diuresis of 2 ml/min per kidney was achieved with an intravenous 10% mannitol infusion. After rapid (<1 second) injection of 0.3-0.4 ml of indicator mixture into the left renal artery as described previously,30 a portion of the left renal-vein outflow was immediately collected in fraction tubes (30 sequential samples, 0.6 second per tube). Left and right urine outflows were collected as sequences of thirty 10-second samples. Blood and urine concentrations of the iodinated contrast agents were determined by x-ray fluorescence31; analysis of the radiolabeled tracers proceeded as previously reported. 30 The indicator mixture contained 1 ,uCi of`MI-labeled albumin (bovine serum albumin, Fraction V, ICN Immunobiologicals, Montreal, Canada), 1 uCi ["4C]L-glucose (Dupont, Mississauga, Canada), and a radiocontrast agent: iodipamide ethyl ester (IDE; 0.5+±0.1 ,um radius [mean+SD], 456 mg I2/ml; Medisperse, Rush, N.Y.) or iohexol (Omnipaque; molecular weight=821,300 mg I2/ ml; Sterling-Winthrop, Aurora, Canada) in 0.15 M NaCl. Since the diameter of a capillary in the glomerular or postglomerular microcirculation is typically 5-10 ,um, we reasoned that the IDE microparticles were small enough to pass relatively unhindered through the renal vessels.
Dynamic CT Studies
We selected CT over other imaging modalities for our first study because fast (100 msec per slice), high resolution sectional images (0.8 x 0.8 mm per pixel real inplane spatial resolution; section thickness, 3.0 mm) could be obtained at rates exceeding two per second in the facilities available to us. In addition, a linear relation was expected between attenuation values and local in situ iodine concentration.32 Since our strategy was to compare data from multiple indicators taken from the same region of interest (ROI), the normalized IDE and for the MID analysis of vascular exchange2,8,27-29 could be determined from the attenuation value data for each ROI assuming linearity. Imaging protocol. A small pulse of each radiological probe was injected into the renal artery of male mongrel dogs (n=3) positioned in an Imatron C-100 electron beam CT scanner (Imatron, Inc., San Francisco, Calif.) located at the Children's Hospital, Buffalo, N.Y. Limitations on the international transfer of experimental equipment and radiation licenses required that the whole-organ MID experiments be carried out on test animals in Toronto and the imaging procedures on separate test animals in Buffalo. Before imaging, the animals were anesthetized, intubated, and ventilated as described above. To carry out the injections, the left renal artery was cannulated via the left femoral artery under fluoroscopy. All runs on one animal used the same 3-mm thick axial slice through the abdomen. Since rapid serial sampling of the urine was not required, diuresis was not induced. After rapid (<1 second) manual injection of 0.5 ml of IDE (456 mg 12/ml) or iohexol (300 mg I2/ml) into the left renal artery, 20 images (maximum machine capacity) of 100-msec duration were gathered at 1-second intervals. The scanner operated at 130 kV and the respirator was switched off during imaging. Since in the imaging protocol a small (0.5 ml) bolus of indicator was delivered through the indwelling catheter into the flow of the renal artery for a single pass through the kidney, we did not anticipate significant alterations in the experimental conditions due to mass osmolar movements of tissue fluids. The IDE run was followed by an iohexol run using the same injection and imaging protocol. Typically, 3 to 5 minutes elapsed from the time the IDE run ended to the time of iohexol injection.
Image visualization and MID data extraction. The image data were transferred from the Imatron scanner to a graphics workstation (IRIS 4D25G, Silicon Graphics Inc., Mountain View, Calif.) for display and further processing. Indicator retention curves were extracted from the image data by manually delineating an ROI using input from the workstation's mouse to move a cursor on the computer screen. With anasthesia and respiratory paralysis, there was a less than two-pixel displacement of the kidney image, which typically occupied an image area of 15Ox150 pixels, from frame to frame and run to run. The mean CT attenuation values above preinjection background (Hounsfield units, HUs) and their standard errors for the ROI were then computed. We dealt with the attenuation values assigned by the Imatron scanner to the spatial volumes sampled. We did not attempt to reconfigure the data in any way with additional image enhancement algorithms or to extrapolate to hypothetical volumes of size or shape different from those assigned by constructing the ROI. Image sequences in which the renal cortex or renal vein were visibly affected by CT artifacts such as beam hardening from adjacent structures (e.g., ribs) were rejected from the analysis. Since the MID method works by comparing the attenuation values for small amounts of several indicators (IDE and iohexol in this study) passing through the same volume of interest, we reasoned that the method would tend to minimize the effect of any remaining undetected CT imaging artifacts on data iohexol transit time-frequency distributions2'8 needed modeling and interpretation.
The corticomedullary boundary (CMB) was identified from the image of maximal cortical filling in each sequence and was in general clearly visible. Since under normal conditions the medulla receives less than 20% of the renal blood flow, inadvertent incorporation of medulla into cortical ROTs placed near the CMB could result in systematic bias of the data toward hypoperfusion. For such regions we therefore stepped through a region sequence in which the first elements were deliberately drawn elongated into the medulla and then progressively retracted across the CMB area until no further change in the indicator retention dynamics was observed. To minimize the effects of any remaining medullary events, we considered regions that included a large amount of cortex relative to the region segment adjacent to the CMB. Data analysis. We considered five ROTs on the tomograms: 1) the renal vein close to the renal hilus, 2) the whole cortex (a 3-mm thick transverse slice through the kidney) as visualized by peak CT density on the IDE runs, and 3) 3 ROls covering one third of the dorsal, lateral, and ventral areas of the cortical circumference. For the cortical ROIs, the maximum CT value was attained within one imaging time unit (1 second), i.e., was effectively instantaneous relative to the time scale needed to track the subsequent slower disappearance of indicator from the ROI. We therefore treated the bolus input as a delta function impulse input and applied no correction for minor bolus dispersion in the vascular network afferent to each ROI. The decay rate of the indicator retention curve immediately following its maximal displacement was slow ( Figure 5 ), so the first CT value recorded after the arrival of the indicator in the ROI was adopted as an estimate of the maximal displacement occurring in the 1-second time interval between the last background image and the first indicator image.
The whole-cortex ROI provided a natural reference point for comparing the MID process as it occurs in the cortex with the process as seen from vantage points right at the renal vein outflow (renal-vein ROI) and at the extracorporeal sample tubes. The dorsal, lateral, and ventral ROls in the cortex were small enough to sample the MID process regionally within the cortex slice mapped by the Imatron scanner and large enough to give signal-to-noise ratios as good as those for the whole-cortex ROI. Our observations for all other ROls examined to date are consistent with those discussed here.
The IDE and iohexol retention curves for an ROI were aligned by matching the time value for the first IDE residue point above background with the corresponding iohexol datum. These IDE and iohexol data correspond to excess CT attenuation values in HUs above the preinjection background. We converted the attenuation data into the equivalent outflow curve data for the ROI in the following way. With the arrival of the pulse injection, all of the relevant attenuation activity is in the ROI, and this may, without loss of generality, be set to unity for each indicator. If the relation between attenuation value and iodine concentration is linear for the range of HUs used in the study, the normalized retention curve obtained from the attenuation values is equivalent to the normalized retention curve (the residue curve) for the iodine concentration values. As the Cross-sectional images were taken in the Imatron scanner operating at 130 kV and the attenuation value in Hounsfield units (HU) determined at two locations in each sample cross section. The dilutions were chosen to span the range of attenuation values above background observed in the Imatron images ofcontrast agent distribution through the renal cortex. The least-squares regression line through the sample points is HU= -1.52 +36.412, correlation coefficient r2=0. 997. amount of indicator in the ROI diminishes, the difference between the remainder and 1.0 represents the cumulative outflow from the region, and the rates of change of this cumulative outflow curve can be calculated over the time interval of the experiment to reconstruct the putative local indicator outflow curve, giving the distribution of indicator transit times through the region.
On routine calibration runs the attenuation values from the Imatron scanner varied linearly with contrast agent dilutions over the calibration range ( Figure 1 ). The attenuation values above preinjection background were therefore spline fitted as described previously30 and normalized assuming exponential recovery kinetics for the longtime tail,2.830 so that they became residue functions. The local outflow curves (transit time distributions) for both IDE and iohexol were calculated as the first spline derivative of the cumulative outflow curve, and then analyzed with mathematical models. Data modeling. We have shown previously that the differences between plasma and extracellular markers in whole-organ renal MID are explained8'30 by a model of transcapillary exchange developed by Goresky, Ziegler, and Bach.28 In the GZB model, a capillary is a straight cylinder embedded in an interstitium. The surface of the capillary is a permeability barrier restricting the movement of indicator between the blood and the interstitium. Indicator can leave the capillary by crossing the permeability barrier. Once it does, it immediately achieves radial diffusive equilibrium2,8.28 in the interstitium. At each axial position inside the capil lary there is plug flow and also instantaneous radial diffusive equilibration of the indicator in the blood. For substrates exchanged symmetrically across the capillary wall, the model is controlled by two parameters: k, the permeability/surface area product for capillary wall transit per unit length of capillary, and y, the ratio of interstitial to intravascular volumes of distribution for the extracellular marker per unit length of capillary. The response of a system composed of many capillaries is obtained by summing over the individual response of the equal number of capillary-interstitium units, with appropriate accounting for time delays in indicator arrival.
To assess the relevance of the GZB scheme to the intra-ROI dynamics of iohexol, we applied a more general plug flow, radial equilibration model29 that allowed iohexol to interact with additional permeability barriers and kinetic sinks, but contained the GZB mechanism as a limiting case. A least-squares fit of the more general model to the data was developed for each ROI. The fitting process was repeated five times for each ROI using widely separated initial values for the fits. Our fitting protocol followed that reported previously. 30 After each fit we determined whether the kinetics approached the GZB mechanism. To further assess the accuracy of the GZB model, we then applied the GZB model equations themselves to develop leastsquares fits of the extracellular marker outflow behavior inferred for our whole-organ renal vein data, the renalvein ROI, and the cortical ROI data.
Results

In Vivo Whole-Organ Studies
The renal-vein fractional recovery of IDE versus time superimposed on the`PI-albumin pattern (Figure 2A ). Neither indicator entered the urine during the single-pass experiment. The mean transit times (t) and total recoveries (r) for the two indicators were very similar:
tIDE=3.19 ± 0.99 seconds, tAIb= 3.91 ± 0.99 seconds, rIDE=0.85±0.08, rMb=1.0±0.05 (Alb, albumin; mean+SD, n=3). Similarly ( Figures 2B and 2C ), the renal vein and urine outflow curves of iohexol matched the extracellular marker ["4C]L-glucose, with top=7.04±0.76 seconds, tGlu=7.27±0.94 seconds, rop=0.89±0.10, rGh&=O.90±0.10 (OP, iohexol [Omnipaque]; Glu, glucose; n=3). We concluded that in our single-pass protocol, IDE behaves as an MID plasma reference while iohexol behaves as a freely filtered marker of the extracellular space.
Dynamic CT Studies
There were striking differences between the IDE and iohexol image sequences (Figure 3 ). The arrival of the IDE bolus was followed by a quick cortical blush, after which a compact indicator bolus formed in the renal vein and left the field of view. The cortical blush of iohexol was prolonged relative to IDE, consistent with our whole-organ MID finding that iohexol is a freely filtered extracellular reference. Relative to the time course of indicator washout, the arterial injection bolus was a sharp pulse (Figure 4, inset) . Thus, for both the IDE and iohexol, the full indicator dilution process, in which the arrival of an impulselike bolus in the arterial input was followed by microvascular dispersion through the organ and then by output bolus formation in the renal vein, could be visualized. curve,28 requiring shorter time intervals between consecutive images; and large vessel contributions2 to the arrival time distribution at the renal hilus, requiring additional postprocessing of the renal MID data obtained by outflow sampling. As observed in our earlier reports,82930 the GZB model also provided good fits ( Table 2 and Figure 6C ) to the iohexol data obtained via the whole-organ protocol (Figure 2 ). To our fitting program, the imaging data and the whole-organ data formed distinguishable groups (Tables 1 and 2) , with lower values of k, the length-normalized permeability surface area product of the peritubular capillaries, characterizing the imaging data. The estimates of y for the imaging and wholeorgan data overlapped.
Trainor and Silverman33 established that while, in rigorous terms, the GZB model yields flow-limited indicator exchange when ky-m, with y constant, denot- ing unrestricted passage across the peritubular capillary wall, in practical terms the whole-organ renal-vein data closely approach the flow-limited GZB outflow pattern when ky exceeds about 10 per second. The three dogs used in our whole-organ iohexol studies have k and ky values in excess of 10 per second, and therefore approximate the flow-limited condition for iohexol exchange. The imaging data do not satisfy these criteria for flow-limited behavior. Under the conditions of our imaging protocol, iohexol follows the GZB model but in the ROls examined, 0<k<2 and exchange is barrier limited. This interesting quantitative difference between the two groups of test animals may have several explanations that merit attention in future studies. The barrier-limited values may reflect a normal range of variation of k across the population, or population differences may exist between the mongrel group sampled for the in vivo whole-organ studies in Toronto and the Imatron imaging studies in Buffalo. It is unlikely that the difference in k values is secondary to mannitol, which was administered to the Toronto dogs in order to induce a brisk urine flow for rapid serial sampling of the whole-organ urine outflow. Previous studies33 have indicated small decreases in the value of k in the presence of mannitol; this change is opposite to that observed in comparing the Toronto and Buffalo groups. Since the molecular weight of iohexol (821 Da) is greater than L-glucose (180 Da), another possible factor is renal blood flow. It is possible that at certain flow rates, L-glucose would be flow limited and iohexol barrier limited. The two groups of animals did not differ appreciably in the value of y, suggesting that any difference in the peritubular capillary permeability barrier was not accompanied by a detectable change in the interstitial volume of distribution accessible to iohexol relative to that accessible in the blood space.
Discussion
Our data show renal multiple indicator dilution as a distributed process, rich in spatial and temporal structure. The assignment of a (k,y) value to a whole-cortex ROI in the Imatron scanner characterizes the transcapillary exchange of iohexol in a 3-mm thick transverse slice through the injected kidney. This amounts to an in vivo multiple indicator dilution experiment in regions occupying no more than a small percentage of the renal cortex, covering the collective activity of 104 or fewer nephrons. The iohexol dynamics in these regions are adequately explained by the GZB mechanism and its associated kinetic equations. The data for the dorsal, ventral, and lateral intracortical ROIs extend these findings to tissue volumes approximating one third of an image slice (approximately 3,000-5,000 nephrons in the dog). .01
The close concordance of the GZB model and ROI data suggests that the events of peritubular capillary exchange to the several thousand nephrons contained in each intracortical ROI are well approximated by summations over individual exchange units and assumptions of fast radial diffusive equilibration plus passive symmetric movement of substrate across the capillary walls. Consideration of the structural environment of the peritubular capillaries in vivo further supports this conclusion. In the intact state, capillaries and tubules are closely packed,4-7,34-38 so that the interstitial distance from capillary to antiluminal tubule surface is small and rapidly covered by low molecular weight extracellular markers. 8, 29 The nearest neighbors of a peritubular capillary are generally tubule segments, which surround the blood vessel. Since extracellular indicators cannot penetrate the tubule epithelium during the time course of the single-pass MID procedure, they see the cortex as a set of narrow, filamentory compartments. Each compartment is bounded by the antiluminal membranes of surrounding tubule segnents and thus at least partially restricted from contact with adjacent compartments. Each contains a peritubular capillary (or capillary segment) plus a thin enveloping sheath of interstitial matrix. The fenestrated walls of the peritubular capillary offer passive resistance to the extracellular indicator.
Smaller ROIs, the natural goal of future work aimed at higher resolution studies, will contain fewer nephrons and thus will reflect less these average approximate structural principles and more the nephron-vascular relations specific to the volume element being probed, especially when tubular markers are present and probe molecules can pass readily into multiple tubule convolutions and capillary segments during transit. Continued progress will therefore require mathematical models that specify the parameters of tubule folding and vascular-tubule packing and relate these to the regional exchange dynamics.9
In future work it will also be important to develop improved protocols that allow both the whole-organ MID method and the regional imaging method to be performed simultaneously in the same animal, removing the need to compare methods using different subject populations. Such protocols form a natural basis for more detailed analyses of the effects of hydration state, renal blood flow, and urine flow on the regional dynamics of indicator handling. Such data will be important as new CT indicators of tubular function are made available for testing and application.
Neither the models of regional indicator exchange nor our procedure for acquiring tomographic data on the exchange process is restricted to x-ray imaging. The Imatron electron beam CT provided this initial study with advantages of imaging speed, image resolution, and simplicity in the relation between signal intensity (attenuation values measured in HUs) and regional concentration of indicator. In addition to CT, other imaging methods, such as magnetic resonance spectroscopy (MRS) and positron emission tomography (PET) may provide significant advantages for regional applications of the MID method. Since, for example, the emission sources on MRS and PET indicators are constitiuents of the component atoms, rather than bulky substituents (in x-ray CT, the iodine atoms) that may disturb the indicator's stereochemical configuration, ligand-recep-tor interactions, and bulk transport properties, MRS and PET may improve the accuracy of regional mapping by MID and open windows on transport pathways closed in CT due to the lack of an appropriate tracer. In addition, while x-ray-based CT protocols are restricted to presenting indicators sequentially, multiple indicators can be present simultaneously in MRS, each tracked on its unique radiofrequency. Absence of both mandatory serial injections and radiation hazard makes MRS a promising modality for extensions of multiple indicator tomography to the clinical setting if the amount of indicator required for adequate signal strength can be kept within physiological limits. Although a detailed discussion is not relevant to the purpose of this study, it is necessary to note that MRS and PET are in a state of vigorous development aimed at reducing limitations previously imposed by lower spatial resolution, temporal resolution, detector sensitivities, and difficulty of relating signal strength in a region to indicator concentration and chemical reaction kinetics. 23, 24, [39] [40] [41] In summary, our findings suggest that renal multiple indicator tomography provides a basis for examining heterogeneity and regional variation in the organ at the level of a few thousand intact functioning nephrons, with their associated vasculature. It also provides a potential future way of characterizing events in much more heterogeneous situations, where normal and abnormal tissue may be present and could potentially be characterized separately. We find a similarityl42 between the behavior of the two tracers at the level of the selected regions in the CT scan and that inferred from the outflow analysis of indicator curves obtained from the renal vein. The analysis is the first which enables a higher level of tissue-attributed resolution to be tied to that inferred from the whole, from the outflow. These results suggest further studies which could be carried out not only in this organ but also in others, and from this basis, to sets of underlying and imposed heterogeneities.
